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I.  MBE  growth  and  Characterization  of  two-inch  diameter  p-type  Hg^CdxTe 
films  on  GaAs  (100)  substrate. 

As  the  Molecular  Beam  Epitaxial  (MBE)  growth  technique  has  continued  to 

improve  for  Hg^CdxTe  films,  the  prospects  for  films  of  larger  area  have  begun 

to  be  explored.  These  larger  area  films  are  important  for  imaging  arrays  and  will 

be  especially  vital  in  the  future  for  the  efficient  production  of  Hg^xCdxTe 

material.  The  growth  by  MBE  of  uniform  Hgj_xCdxTe  epilayer  on  a  large  substrate 

is  very  difficult  to  achieve  because  of  the  non-uniform  distribution  of  the  fluxes 

and  on  the  non-uniform  temperature  of  the  substrate. 

But  above  all,  the  main  problem  is  due  to  the  exponential  change  of  the  Hg 

condensation  coefficient  with  temperature.  We  have  shown  that  for  a  given  Hg 

flux,  a  high  quality  monocrystalline  Hg^CdxTe  film  can  be  grown  in  the  ( 1 1 1  )B 

orientation  within  a  narrow  substrate  temperature  range  (T  -T  )  of  about  10- 

max  mm 

15  C°  if  the  substrate  temperature  (Ts)  is  in  the  180-190°C  temperature  range 

When  To  is  lower  than  T  .  the  Hg  in  excess  desorbs  but  twins,  detrimental  for 
a  min 

the  electrical  performance,  are  observed.  When  Ts  is  above  Tmax  two  possibilities 
exist.  If  Ts  is  below  190  C°  the  Te  in  excess  leads  to  a  polycrystalline  material 
jf  Ts  is  above  195  C°  the  excess  of  Te  is  reevaporated  and  the  film  still  grows 
monocrystalline,  but  an  increase  in  the  x-value  of  about  15  to  2%  for  each  l°C 
increase  in  the  substrate  temperature  is  observed  along  with  a  large  change  in  the 
growth  rate 

It  is  important  to  recall  that  a  change  in  Ax  of  only  +0  001  is  the  objective 

suitable  to  reach  for  infrared  photovoltaic  detectors  operating  with  a  cutoff 

wavelength  of  lOym  at  77K  It  is  obvious  that  such  a  requirement  cannot  be 

achieved  if  part  of  the  substrate  is  above  Tmax  Now  if  the  substrate  temperature 

is  between  T  and  T  (incidentally  T  and  T  values  are  chanqinq  over 
max  mm  1  max  mm 

the  substrate  since  the  Hg  flux  distribution  is  not  constant)  the  epilayers  will  still 
experience  a  change  in  the  doping  level  and  even  in  the  conduction  type 

To  minimize  these  temperature  variations  the  rotation  of  the  substrate  during 
the  growth  can  help  but  a  precise  temperature  measurement  of  the  substrate  by  a 
thermocouple  is  hindered  In  order  to  have  an  adequate  control  of  the  temperature 
during  the  growth  which  can  also  give  reproducible  results  an  infrared  pyrometer 
has  been  used 
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The  combination  of  flux  distribution  and  substrate  temperature  variation 
makes  the  growth  by  MBE  of  a  large,  high  quality  and  uniform  Hg^CdjJe  film  to 
be  a  real  challenge. 

The  film  presented  here  was  grown  in  the  (1 1 1  )B  orientation.  The  film  exhibits 
a  uniform  mirror-like  surface.  In  order  to  ascertain  the  uniformity  of  this  Hg^Cd^e 
films  over  its  two-inch  diameter  surface  area,  infrared  transmission  and  Van  der 
Pauw  D  C.  Hall  measurements  were  performed  at  several  positions.  The  infrared 
transmission  spectra  were  measured  at  room  temperature  The  cutoff  wavelengths 
were  in  the  6  to  8  pm  region.  The  cutoff  wavelength  is  defined  as  that  for 
which  the  absorption  coefficient  o»  is  equal  to  500  cm-1,  where  the  formula  for 
the  absorption  coefficient  is  a  =  -In  (transmittance)/thickness.  From  the  measured 
cutoff  wavelengths  for  each  position  on  the  two-inch  diameter  Hg^Cd^e  films, 
the  Cd  concentrations  (x)  were  calculated  using  Hansen  et  al.'s  relation^7).  Also, 
from  the  interference  spacing  in  the  infrared  transmission  spectrum  the  thicknesses 
at  these  positions  on  the  film  were  determined. 

For  the  p-type  film  reported  here  the  uniformity  of  the  x-value  proved  to  be 
excellent,  as  illustrated  in  figure  1.  The  average  value  of  x  (denoted  by  x)  was 
0.22,  while  the  standard  deviation  Ax  =  [E(x-x)*/n-1]*/*  was  00015,  giving  as  a 
measure  of  the  composition  uniformity  Ax/x=0.7%.  This  is  an  excellent  result 
since  the  goal  required  for  IR  detectors  in  terms  of  composition  uniformity  is 
almost  achieved  on  this  two-inch  diameter  Hg^Cd^e  film.  This  film  is  entirely 
p-type.  Carrier  concentrations  (N^Njj)  and  Hall  mobilities  are  reported  in  Table 
1  Na-N,j  increased  by  a  factor  of  two  from  2  6x10**  cm-*  at  the  edge  of  the 
film,  while  pn  increased  from  5.7x10s  cm*V-‘s~l  at  the  center  to  62x10*  cm*V-,s-* 
at  the  edge 

These  variations  are  supposed  to  be  due  to  a  non  uniform  flux  distribution 
and  a  non  uniform  substrate  temperature  A  ATS  of  about  5°C  has  been  measured 
over  2  inches. 

This  result  represents  an  important  achievement  for  the  future  of  IR  detectors 
As  an  important  comparison  this  result  is  as  good  as  those  reported  for  OMCVD 
HgCdTe  films  grown  on  a  surface  area  of  only  [x|cm* 
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Table  I  -  Hall  measurements  at  B  =  0.2  Tesla  for  two-inch  diameter 


Hg  ^CdJeO11)  film  grown  at  190°C  on  CdTe(l  1  l)/GaAs(i00) 


substrate. 

Sample  #583453x  =  0, 

y  =  0  is 

at  the 

center  of  the 

sample 

y 

mm) 

Cond 

Type 

300 K 

Nd-N. 

(cm-*) 

mh 

(cm’V's"1) 

T(K) 

when 

rh=o 

Cond. 

Type 

40  K 

Na-Nrt 

(cm-*) 

MH  »  , 
(cm  V  s 

0 

n 

’1x10“ 

6.4x10* 

90 

P 

3  6x10“ 

5  7x10a 

0 

n 

2  0x10“ 

5.0x10* 

90 

P 

3  0x10“ 

5  2x103 

0 

n 

2  1x10“ 

6  3x10* 

90 

P 

4  7x10“ 

5  5x10* 

0 

n 

1  9x10“ 

6  2x10* 

90 

P 

5.1x10“ 

5  7x10* 

0 

n 

1  9x10“ 

6  8x10* 

90 

P 

5  6x10“ 

65x10* 

0 

n 

1  8x10“ 

6  8x10* 

90 

P 

7  2x10“ 

6  2x10* 

7 

n 

1  9x10“ 

6  6x10* 

90 

P 

4  9x10“ 

6  0x10* 

15 

n 

1  8x10“ 

68x10* 

90 

P 

6  1x10“ 

6  7x10* 

V  V 


6 


II  P-TYPE  DOPING 

In  the  previous  report  (March  15,  1987)  it  has  been  shown  that  under  regular 
MBE  growth  conditions  As  and  Sb  are  incorporated  as  donors  in  HgCdTe.  Therefore 
in  order  to  obtain  p-type  HgCdTe  layers  incorporation  of  a  Group  I  element  was 
studied 

Lithium  was  the  first  element  investigated.  It  is  found  that  Li  is  indeed 
incorporated  as  an  acceptor  Acceptor  concentrations  as  high  as  8x10*cm_*  have 
been  achieved  An  incorporation  coefficient  of  Li  close  to  one  and  almost  a  100% 
electrical  efficiency  for  Li  were  observed  in  Li-doped  Hgi_xCdxTe  epilayers  grown 
by  MBE  without  any  external  activation  However,  Li  is  found  to  diffuse  rapidly 
in  MBE  HgCdTe  grown  layers. 

For  more  detail  see  the  attached  paper  submitted  to  Applied  Physics  Letters 
entitled  “Electrical  Properties  of  Li  Doped  Hg1_xCdxTe(100)  by  Molecular  Beam 
Epitaxy" 

III  HgTe-CdTe  Superlattices  Hg  incorporation  in  CdTe  layers  during  MBE  growth 

It  was  shown  in  1982  that  HgTe-CdTe  superlattices  (SLs)  could  be  grown  by 
MBE  But  due  to  the  noncongruent  evaporation  of  Hg  from  HgTe,  the  Hg  flux  must 
be  maintained  even  during  the  growth  of  the  CdTe  layers  This  means  that  some 
Hg  is  incorporated  in  the  CdTe  during  its  growth  There  are  two  important  ques¬ 
tions  that  arise  First,  how  will  this  Hg  incorporation  affect  the  bandgap  of  the 
SL  Second,  how  much  Hg  is  in  the  CdTe 

We  determine  the  period  of  the  SL  by  the  position  of  the  X-ray  satellite 
peaks  The  average  Hg  composition  in  the  SL  is  then  measured  by  EDS  The 
period  and  the  average  Hg  composition  are  then  used  to  compute  the  individual 
layer  thicknesses  if  the  percentage  of  Hg  in  the  CdTe  is  known  Using  this 
method,  for  the  same  period  and  average  Hg  composition,  as  the  amount  of  Hg  in 
the  CdTe  increases  several  things  will  occur  First,  the  thickness  of  the  HgTe 
layers  will  decrease  This  will  tend  to  increase  the  bandgap  Second,  the  CdTe 
will  become  HgxCd1_xTe  with  a  smaller  bandgap  This  decrease  in  the  barrier 
height  will  tend  to  decrease  the  SL  bandgap  Finally,  the  width  of  the  HgxCd1_ 


xTe  will  increase.  This  will  have  a  small  tendency  to  increase  the  bandgap.  The 
total  effect  on  the  SL  bandgap  of  all  these  changes  would  be  small. 

We  have  grown,  with  a  Hg  flux,  thick  layers  of  CdTe  under  the  same  conditions 
as  in  our  SLs  [190  to  200°C  on  (1 1 1)B] .  The  amount  of  Hg  measured  in  the  layer 
by  EDS  was  less  than  5%.  On  a  series  of  thin  CdTe  (1 1 1  )B  layers  grown  under  a 
Hg  flux  the  amount  of  Hg  was  carefully  measured  by  XPS.  This  is  done  using 
both  the  ratio  of  the  peak  areas  and  the  difference  in  energy  between  the  core 
level  and  valence  band  maximum.  For  the  growth  conditions  that  we  actually  use 
in  our  SLs,  these  results  agree  with  those  obtained  for  the  thick  layers.  The  Hg 
incorporation  varies,  up  to  9%,  depending  on  the  growth  conditions.  This  should 
only  slightly  affect  the  characteristics  of  the  HgTe-CdTe  SLs  and  other  micr¬ 
ostructures.  such  as  single  and  double  barrier  tunneling  structures. 

These  results  indicate  that  some  Hg  is  incorporated  in  the  CdTe  but  that 
under  our  normal  conditions  this  amount  is  small.  The  Hg  incorporation  is  crystal 
orientation  dependent.  For  the  (100)  surfaces,  about  15%  Hg  are  observed  for 
growth  conditions  identical  to  those  used  for  the  (ill). 

For  more  information  see  the  attached  paper  accepted  for  publication  in 
Applied  Physics  Letters  (Nov  1987)  entitled  “Hg  Icorporation  in  CdTe  Dring  the 
Gowth  of  HgTe-CdTe  Sperlattices  by  Molecular  Beam  Epitaxy." 
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TABLE  I.  Hg  io  Te  ratio  in  CdTe  grown  with  a  Hg  flu*  on  CdTe  substrates, 
along  with  (he  growth  conditions.  T,  is  the  substrate  temperature.  The 
CdTe  growth  rate  was  held  constant  at  about  l  A/  s 
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orientation 

r, 
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Hg  flux 

( I0n  cm  s  “ ‘ ) 

1  -  a 
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TABLE  II.  Hg  to  Te  ratio  in  CdTe  grown  with  a  Hg  flu*  along  with  the 
growth  conditions.  All  were  grown  on  a  CdTe  ( II 11 B  buffer  layer  but  the 
initial  substrate  was  varied.  T,  is  the  substrate  temperature.  Estimated  Kg 
flux:  l.bx  10"  cm~!  s'1. 


Substrate 

r, 

CC) 

CdTe  growth 
rate  (A/s) 

I  —  X 

( area  ratios ) 

}  —x 

(binding  energies) 

CdTe 

193 

0.5 

0  030  x  0  004 

0.043  -  0.020 

CdTe 

195 

to 

0.057  -  0  016 

CdTe 

195 

2.0 

0.078  x  0  008 

GaAs 

185 

1.0 

0.065  -0.007 

0.043  X  0.020 

GaAs 

195 

1.0 

0.036  -  0.008 
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HgTe-CdTe  superlattices  and  other  microstructures  sucn  as  single  and  double  barner 
tunneling  structures  are  commonly  grown  by  molecular  beam  epitaxy  with  the  mercury  dux 
continuously  on  the  sample  during  the  growth  This  means  th3t  some  mercury  will  be 
incorporated  in  the  CdTe  layers.  We  present  here,  for  the  first  time,  a  measurement  of  the 
amount  of  mercury  incorporated  in  thin  layers  of  CdTe.  X-ray  photoelectron  spectroscopy  "  as 
used  to  measure  the  amount  of  mercury  The  amount  of  mercury  was  found  to  be  between  3 
and  9cr0  for  CdTe  ( 1 1 1  )B.  depending  on  the  growth  conditions.  The  amount  of  mercury  was 
found  to  increase  with  mercury  flux  and  to  decrease  js  the  substrate  temperature  was 
increased  Under  the  same  conditions.  :t  "'as  found  that  much  more  mcrcur,  •>.,.>  mkotpui  ateu 
in  the  ( 100)  orientation  The  type  of  substrate  ( CdTe  or  GaAs )  was  not  found  to  influence  ihe 
results.  These  results  indicate  that  the  amount  of  mercury  in  the  CdTe  layers  of  HgTe-CJTe 
superlattices  is  not  quite  as  low  as  expected  from  measurements  of  thick  CdTe  lavers.  hut  it  can 
be  low  enough  that  it  does  not  influence  significantly  the  results  on  the  superlatice  system  m 
the  (111)  orientation. 


-Hg  Te-Cdie  superlattices  have  been  proposed  as  a  new. 
interesting  infrared  material.' :  It  has  been  shown  that  they 
cun  be  grown  by  molecular  beam  eppaxy  (MBE).'  It  has 
also  been  shown  that  the  best  growth  temperature  is  1  SO— 
200  ’C.!  At  this  temperature  the  mercury  condensation  co¬ 
efficient  is  about  10-’.4  This  means  that  a  large  mercury 
overpressure  is  needed  to  grow  HgTe.  It  also  implies  that 
mercury  will  easily  and  noncongruently  evaporate  from 
HgTe.  Due  to  this  problem,  the  common  growth  technique 
for  HgTe-CdTe  superlamces  and  other  microstructures 
such  as  single  and  double  barrier  tunneling  structures  in¬ 
volves  leaving  the  Hg  source  open  at  all  times.5'6  Thus,  there 
is  a  mercury  flux  on  the  sample  during  the  growth  of  the 
CdTe  layers.  A  competition  then  occurs  between  the  Hg  and 
Cd  atoms  for  lattice  sites.  As  a  result,  the  CdTe  layers  may 
not  be  pure  CdTe  but  instead  be  Hg,  _  tCdtTe  with  some 
percentage  of  mercury. 

This  problem  was  recognized  by  the  first  people  to  grow 
HgTe-CdTe  superlatuces  on  CdTe  ( 1 1 1  )B  substrates.  They 
grew  thick  layers  of  CdTe  under  the  same  conditions  as  in 
the  superlattice,  including  the  presence  of  the  Hg  flux.  The 
Hg  content  was  then  measured  by  energy  dispersive  spec¬ 
troscopy  (EDS).  It  was  found  that  the  CdTe  contained  less 
than  5%  mercury.7  When  we  began  to  grow  HgTe-CdTe 
superlattices  at  the  University  of  Illinois,  we  repeated  these 
experiments  with  the  same  results.5  This  small  amount  of 
mercury  should  only  slightly  influence  the  characteristics  of 
the  superlattices  such  as  the  band  gap  and  the  valence-band 
discontinuity.  Therefore,  it  was  neglected.  The  only  question 
was  whether  the  results  for  a  thick  layer  were  the  same  for 
the  thin  layer  in  the  superlattice. 

Recently,  it  has  been  suggested  that  the  amount  of  mer¬ 
cury  in  the  CdTe  layers  of  the  superlattice  might  not  be  as 
small  as  previously  thought.8  For  this  reason  we  have  per¬ 
formed  the  first  measurements  of  the  amount  of  mercury 
incorporated  in  thin  CdTe  layers  grown  with  a  mercury  flux. 
We  have  also  looked  at  how  the  amount  of  mercury  incorpo¬ 
rated  depends  upon  the  substrate  temperature,  the  mercury 
flux,  the  CdTe  growth  rate,  and  on  the  type  and  orientation 
of  the  substrate. 

The  samples  were  all  grown  at  the  University  of  Illinois 
in  a  Riber  2300  MBE  machine.  CdTe  substrates  oriented  in 
the  (100)  and  the  (111)5  were  used.  Additionally, 
GaAs(  100)  with  both  ( 100)  and  (111)5  CdTe  buffer  layers 
were  used.  The  substrate  preparation  and  the  growth  of  the 
appropriate  buffer  layer  have  been  discussed  elsewhere.5 
The  Te  flux  was  kept  constant  throughout  the  experiment. 
The  flux  was  chosen  so  that  the  HgTe  growth  rate  was  about 
5  A/s  on  a  CdTet  1 1 1  )5  substrate.  A  CdTe  growth  rate  of  1 
A/s  was  used  throughout  the  experiment,  except  when  that 
growth  rate  was  the  parameter  being  varied  These  growth 
rates  are  typical  of  those  used  in  the  growth  of  HgTe-CdTe 
superlatuces.  The  substrate  temperature  was  measured  us¬ 
ing  a  chromel-alumel  thermocouple  in  contact  with  the  sam¬ 
ple  holder  and  by  an  infrared  pyrometer.  These  measure¬ 
ments  have  been  calibrated  using  the  melting  temperatures 
of  indium  and  tin. 

The  structure  of  the  samples  was  chosen  to  be  similar  to 
that  of  the  superlatuces.  On  the  buffer  layer  a  HgTe  layer 
with  a  thickness  of  80-100  A  was  grown  first  This  was  im¬ 
mediately  followed  by  a  CdTe  laser  1 50—  1  ~0  A  thick  The 
CdTe  layer  was  grown  with  the  Hg  flux  stiil  on  the  sample. 


I  lie  Hi  concentration  in  (he  CdTe  [avers  was  measured  by  x- 
ras  phoioelectron  spectroscopy  i  XPS)  using  both  the  ratio 
,  .f  peak  areas  and  the  energy  difference  between  the  Hg  id  or 
Cd  -W  core  level  and  the  valence-band  maximum  (VBM). 
For  Hg,  _  ,Cd,Te.  this  energy  difference  can  be  shown  to 
reflect  the  position  of  the  VBM  on  an  absolute  energy  scale, 
because  the  cation  core  levels  are  virtually  independent  on 
the  alloy  composition  .t.4  10  The  position  of  the  VBM  is 
known  in  turn  to  be  very  sensitive  to  the  composition  10 
Therefore,  the  binding  energy  of  the  Hg  i d  and  Cd  id  core 
levels  with  respect  to  the  VBM  can  be  used  to  determine  the 
alloy  composition  x.  Several  samples  were  grown  without 
the  HgTe  layer  on  the  bottom  to  see  if  its  presence  changed 
ihe  measurement.  No  difference  was  found  in  the  Hg  con¬ 
centration  in  the  CdTe  whether  the  HgTe  was  present  or  not. 
First  with  the  Te  and  CdTe  fluxes  constant,  the  substrate 
’emperature  and  the  Hg  flux  were  varied  to  determine  their 
influence  on  the  Hg  incorporation. 

The  samples  were  kept  under  ultrahigh  vacuum  condi- 
:  ions  as  they  were  transferred  to  the  XPS  chamber.  The  XPS 
measurements  were  performed  with  an  SSX-100  spectrom¬ 
eter  from  Surface  Science  Laboratories.  A  monochroma- 
tized  and  focused  A1  Ka  excitation  line  was  used.  The  over¬ 
all  energy  resolution  measured  on  the  Au  4/7/,  core  level  is 
0.7  eV  The  core  levels  used  in  this  work  were  the  Hg  4 f  and 
id,  the  Cd  -hr1  and  3d,  and  the  Te  4efand  3d.  The  values  of  the 
peak  areas  and  positions  of  all  the  core  levels  were  deter¬ 
mined  by  a  detailed  analysis  of  the  spectra  by  a  least-squares 
fit  of  individual  spm-orbit  doublets  to  the  data.  The  line 
shape  used  for  the  fits  was  a  Lorentzian  convoluted  with  a 
Gaussian.  A  nonlinear  background  was  subtracted  from  the 
spectra  prior  to  the  fitting  procedure. 

Figure  1  shows  a  typical  result  for  the  spectrum  of  the 
Cd  4 d  and  the  Hg  5 d  core  levels.  This  is  the  most  difficult 
case  due  to  the  large  number  of  overlapping  peaks.  The  fit 
reveals  the  existence  of  two  Hg  components.  These  two  com¬ 
ponents  will  be  called  Hg‘ 11  and  Hg‘:i  in  the  following  dis¬ 
cussion.  From  its  binding  energy  with  respect  to  the  VBM, 10 
Hg  "  can  be  cleariv  identified  as  Hg  in  Hg,  .  ,Cd,Te.  The 
origin  of  Hg  ,  at  about  bOO  meV  higher  binding  energy,  is 
not  yet  fully  understood.  We  believe  that  Hg‘21  is  some  sort 
of  surface  mercury.  Further  experiments  are  still  in  progress 
to  clarify  this  point.  Only  the  component  Hg111 ,  associated 
with  Hg  in  rig,  _  ,Cd,Te.  was  used  in  our  measurements.  It 
is  the  only  one  that  should  influence  the  band  gap,  if  Hg'21  is 
indeed  a  surface  phenomenon. 

To  obtain  the  binding  energies  ( Ec,  —  E  v  )  used  for  the 
determination  of  the  Hg  concentration,  the  position  of  the 
VBM  was  determined  simply  by  a  linear  extrapolation  of  the 
valence-band  leading  edge.  This  procedure  has  proven  to  be 
reproduc.ole  and  very  accurate  for  Te-based  1 1- V I  semicon¬ 
ductors  1  Since  the  binding  energy  defined  above  ts  very 
sensitive  to  the  Hg  concentration  in  Hg,  _  ,Cd,Te."’  it  can 
be  used  to  determine  the  amount  of  Hg  in  the  CdTe.  As  can 
be  seen  in  Table  1.  there  is  good  agreement  between  the  two 
methods  This  gives  us  confidence  in  our  results  and  in  neg¬ 
lecting  the  Ha  “  component  This  procedure  implies  the 
measurement  of  the  valence-band  energy  iistnbulion  curve 
and  is  ihus  highlv  time  consuming  Therefore,  it  was  not 
applied  svstematicully  to  all  the  samples 


In  order  to  compare  our  previous  results  for  a  thick  lay¬ 
er  with  these  for  a  thin  layer,  we  grew  a  thick  CdTe  layer  and 
checked  the  Hg  concentration  with  both  XPS  and  EDS  The 
growth  conditions  were  similar  to  those  used  for  the  thin 
layers  (  F,  =  195  ’C,  Hg  flux  =  1.0 x  101'  etnas'1,  and 
CdTe  growth  rate  1  As'1).  The  results  from  EDS  agreed 
with  all  of  our  earlier  work  and  gave  a  value  of  about  3%  Hg 
in  the  CdTe.  The  XPS  results  on  this  layer  gave  a  Hg  concen¬ 
tration  of  5 %.  This  difference  is  within  the  range  of  expen- 
mental  error,  but  it  may  also  indicate  that  there  is  a  slight 
difference  in  the  Hg  concentration  with  depth. 

The  homogeneity  of  the  Hg  distnbution  with  depth  can 
be  checked  by  companng  results  from  core  levels  at  different 
binding  energies.  In  our  case  the  determinations  using  the 
Hg  if.  Cd  3d,  and  Te  3d  core  levels  are  more  surface  sensi¬ 
tive  than  those  using  the  Hg  id,  Cd  -W.  and  Te  4d  lines.  This 
is  due  to  the  smaller  escape  depth  for  the  Cd  3d  and  Te  3d 
photoelectrons  (/t  =  1 5  A )  compared  to  the  Cd  id  and  Te  id 
(a  =  20  A).  We  found  that  the  more  surface-sensitive  deter¬ 
minations  systematically  yielded  slightly  higher  concentra¬ 
tions  Compared  with  EDS,  XPS  is  primarily  a  surface  tech¬ 
nique.  The  observed  surface  enrichment  is  thus  consistent 
with  the  difference  between  the  bulk  results  from  EDS  and 
the  XPS  results.  Further  investigations  with  good  depth  re¬ 
solution  would  certainly  be  very  desirable  to  confirm  (or 
inform )  this  point. 

Table  I  summarizes  the  Hg  concentrations  determined 
by  XPS  for  the  different  substrate  and  Hg  cell  temperatures. 
The  Hg  concentrations  determined  by  both  XPS  methods 
are  given.  The  values  given  in  the  table  based  on  peak  area 
ratios  are  average  values  from  four  different  sets  of  core  level 
spectra.  Relative  sensitivity  factors  were  determined  for  our 
instrument  from  MBE  grown  HgTe  (111)  and  CdTe  (111) 
samples. 

The  Hg  flux  was  determined  using  Knudsen's  effusion 
law.  which  is  a  good  approximation  in  this  case  for  the  direc¬ 
tion  normal  to  the  evaporating  surface.  A  change  of  the  sub¬ 
strate  temperature  by  10  ’C  will  change  the  Hg  condensation 
coefficient  by  about  a  factor  of  1 ,i*  Several  striking  features 
are  observed  from  this  table.  First,  for  these  growth  condi¬ 
tions  on  CdTe  ( 1 1 1  )B  the  amount  of  Hg  incorporated  is 
much  less  than  20%. 12  Second,  the  overall  agreement 
between  the  area  ratio  and  the  binding  energy  results  is  good. 
Third,  the  amount  of  Hg  incorporated  follows  the  general 
trends  expected  from  the  growth  conditions,  and  the  relative 
magnitudes  are  in  reasonable  agreement  with  the  Hg  flux 
and  condensation  coefficient  variations.  Fourth,  a  Hg  con¬ 
centration  of  5%  was  obtained  by  the  correct  selection  of  the 
growth  conditions  and  we  have  obtained  a  value  as  low  as 
3*^:  in  a  second  set  of  experiments. 

It  has  been  reported  that  for  a  CdTe  (21!)  substrate  the 
amount  of  Hg  incorporated  is  about  20G-  1  We  have  also 
shown  that  the  Hg  condensation  coefficient  vanes  depend¬ 
ing  on  the  onentation  of  the  substrate.  4  For  this  reason,  we 
have  also  investigated  CdTe  t  100).  The  fluxes  were  the  same 
as  used  for  the  (  1 1  1  )B.  The  results  are  also  given  in  Table  I. 
The  difference  in  the  Hg  incorporation  is  very  large  and  op¬ 
posite  to  our  initial  expectations,  since  Hg  on  CJTe  i  100) 
has  the  smaller  condensation  coefficient  of  these  two  onen- 
tations.  We  do  not  understand  these  results,  but  thev  show 
once  again  that  MBE  growth  cannot  be  treated  bv  a  classical 
thermodynamic  approach  using  the  law  ol  mass  action  and 
neglecting  surface  kinetics. 


We  performed  a  second  set  of  experiments  to  check  the 
dependence  of  the  Hg  incorporation  on  the  CdTe  growth 
rate  and  on  the  type  of  substrate.  The  Te  and  Hg  fluxes  were 
kept  constant.  The  results  are  given  in  Table  II. 

The  first  point  that  can  be  seen  from  these  results  is  that 
it  does  not  matter  whether  a  CdTe  (111)5  substrate  or  a 
GaAs  (  100)  substrate  with  a  CdTe  (111)5  buffer  is  used  to 
grow  the  layers.  The  Hg  incorporation  is  about  the  same  for 
the  two  different  substrates.  The  second  point  is  that  the  Hg 
incorporation  appears  to  increase  with  the  CdTe  growth 
rate.  We  do  not  have  much  data,  but  the  trend  appears  to  be 
in  this  direction. 

It  was  also  found  that  t'.e  quality  of  the  surface  prior  to 
the  growth  of  our  structures  could  dramatically  influence 
the  amount  of  Hg  incorporated.  If  the  same  substrate  was 
reused  frequently  and  thus  re-etched  several  times  or  an  ina¬ 
dequate  buffer  layer  was  grown,  a  significantly  larger  Hg 
i  ncorporation  was  found.  This  means  that  extreme  care  must 
be  taken  not  only  when  doing  this  type  of  experiment  but 
also  when  preparing  a  substrate  on  which  to  grow  a  superlat¬ 
tice. 

In  conclusion,  we  have  presented  for  the  first  time  a 
measurement  of  the  amount  of  mercury  incorporated  in  thin 
layers  of  CdTe  grown  under  mercury  flux.  The  growth  con¬ 
ditions  and  the  structures  were  chosen  to  be  similar  to  those 
in  HgTe-CdTe  superlatuces.  When  carefully  prepared,  lay¬ 
ers  grown  on  CdTe  (111)5  were  found  to  contain  between  3 
and  9%  mercury.  The  amount  of  mercury  was  found  to  in¬ 
crease  with  the  mercury  flux  and  the  CdTe  growth  rate,  and 
to  decrease  as  the  substrate  temperature  was  increased.  We 
did  not  observe  any  significant  dependence  of  the  amount  of 
mercury  incorporated  on  the  type  of  substrate  but  there  was 
a  large  dependence  on  the  orientation  of  the  substrate.  We 
found  that  much  more  mercury  was  incorporated  for  ( 100) 
than  for  (111)5  prepared  under  the  same  conditions.  We 
thus  expect  the  Hg  incorporation  in  CdTe  ( 100)  to  be  even 
more  important  under  normal  growth  conditions. 14  This  de¬ 
pendence  of  the  amount  of  mercury  incorporated  on  the 
growth  conditions  and  the  substrate  orientation  means  that 
care  must  be  taken  when  comparing  results  between  differ¬ 
ent  groups.  Also,  dramatic  increases  in  the  amount  of  Hg 
incorporated  can  occur  if  the  initial  surface  is  not  properly 
prepared.  These  results  indicate  that  the  amount  of  mercury 
incorporated  into  carefully  prepared  (III  )5  superlattices  is 
small  enough  that  it  should  not  significantly  influence  the 
characteristics  of  the  superlattices  previously  reported,  and 
in  particular  the  value  of  the  valence-band  discontinuity  and 
the  band  gaps. 
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FIG  1.  Typical  XPS  spectrum  from  a  CdTe  layer  grown  with  a  mercury 
flux.  The  dash-dotted  line  is  the  result  of  a  least-squares  lit  to  the  data.  The 
dashed  lines  represent  the  individual  components  used  for  this  lit.  The  back¬ 
ground  is  represented  by  the  solid  line.  The  dots  are  the  expenmentai  data. 
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Abstract 

P-type  doping  of  HgCdTe(lOO)  layers  with  lithium  during  growth  by  molec¬ 
ular  beam  epitaxy  is  reported.  Hall  measurements  have  been  performed  on  these 
layers  between  300K  and  30K.  The  Li  concentration  is  found  to  increase  with  the 
Li  cell  temperature.  Li  doped  HgCdTe  layers  are  estimated  to  have  very  shal¬ 
low  acceptor  levels.  Acceptor  concentrations  as  high  as  8xl018  cm'3  have  been 
achieved.  At  low  doping  levels,  due  to  residual  donors,  layers  show  compensation. 
Incorporation  coefficient  of  Li  close  to  one  and  almost  100%  electrical  efficiency 
for  Li  in  molecular  beam  epitaxy  HgCdTe  layers  were  observed.  However,  Li  is 
found  to  diffuse  rapidly  in  HgCdTe  layers  grown  by  molecular  beam  epitaxy. 


I 


i 


I 


Over  the  past  ten  years  Hgi_xCdrTe  (MCT)  has  emerged  as  an  important 
material  for  infrared(IR)  detector  technology.  MCT  was  grown  by  Molecular 
Beam  Epitaxy  (MBE)  on  CdTe  substrates  for  the  first  time  in  1981.W  Since 
then,  this  technique  has  produced  MCT  layers  of  either  n  or  p  type  and  of  a 
quality  comparable  to  the  layers  grown  by  other  techniques.  However,  very  lit¬ 
tle  information  exists  on  the  incorporation  of  foreign  elements  in  MBE  grown 
epitaxial  layers.  Recently,  successful  n-type  doping  of  MCT  layers  with  indium 
during  growth  by  MBE  was  reported.^2)  Carrier  concentrations  of  two  orders 
of  magnitude  more  than  what  can  be  achieved  by  stoichiometry  deviation  have 
been  reached  for  MBE  layers  grown  in  the  (lll)B  orientation.  Antimony  and 
arsenic  (group  V  elements)  act  as  p-type  dopants  in  MCT  using  other  growth 
techniques^3)  such  as  liquid  phase  epitaxy.  But  in  the  case  of  MBE  grown  MCT 
layers,  both  Sb  and  As  behave  as  a  n-type  dopants.^4)  In  the  case  of  (100)  orien¬ 
tation  only  n-type  MCT  with  doping  levels  ranging  from  1015  to  mid-1018  cm-3 
can  easily  be  produced  by  stoichiometry  deviation  for  z<0.35.  P-type  (100)  is 
difficult  to  achieve  for  x<0.24.(5)  Therefore,  in  order  to  obtain  p-type  MCT  lay¬ 
ers  in  the  (100)  orientation,  incorporation  of  foreign  elements  in  group  I  was 
studied.  Li  behaves  as  a  p-type  dopant,  as  expected.  Here,  we  report  results 
on  Li,  the  first  impurity  successfully  incorporated  as  an  electrically  active  accep¬ 
tor  in  MBE-grown  MCT  layers.^4)  In  this  letter,  we  present  electrical  properties 
of  lithium-doped  MCT(100)  MBE  layers  studied  by  variable  temperature  Hall 
measurements . 

MCT  layers  were  grown  in  a  Riber  2300  MBE  machine  which  is  designed 
to  handle  mercury.  MCT  layers  were  grown  on  2-3  thick  CdTe  buffer  layer 
which  was  deposited  on  GaAs(100)  substrates.  The  growth  was  monitored  by 
reflection  high  energy  electron  diffraction(RHEED).  The  growth  rate  was  4-5 
A  /Sec.  Li  was  provided  by  a  separated  effusion  cell  loaded  with  pure  Li.  Since 
it  is  a  very  reactive  material,  great  care  has  been  taken  when  loading  it  into  the 
growth  chamber.  This  was  done  in  an  inert  atmosphere.  The  Li  cell  temper- 


ature  range  was  from  205°C  to  280°C.  The  Cd  composition  in  the  MCT  layers 
was  determined  at  room  temperature  by  infrared  transmission  measurements  and 
by  energy  dispersive  spectroscopy  measurements.  The  secondary  ion  mass  spec¬ 
troscopy  (SIMS)  technique  was  used  to  obtain  the  concentration  profile  of  Li 
atoms  through  the  layers.  Since  we  did  not  have  a  standard  sample  contain¬ 
ing  Li,  we  were  not  able  to  relate  the  number  of  counts  from  the  SIMS  to  the 
actual  Li  concentration.  Therefore,  all  SIMS  data  are  given  in  arbitary  units, 
but  a  relative  comparison  is  significant.  The  carrier  concentration  and  the  Hall 
mobility  in  the  layers  were  evaluated  by  the  Van  der  Pauw  technique^8)  between 
room  temperature  and  30K.  An  AuClj  solution  was  used  to  form  ohmic  contacts, 
and  the  ohmicity  of  the  contacts  was  checked  systematically.  A  magnetic  field 
strength  of  2000  Gauss  was  used  for  the  Hall  measurements. 

Electrical  measurements  of  the  Li  doped  MCT  layers  at  40K  are  summarized 
in  Table  I.  Figure  1  shows  the  variation  of  the  carrier  concentration  (deduced 
from  the  Hall  coefficient)  vs  1000/T(K)  for  three  samples.  A  typical  freeze-out 
behaviour  cannot  be  seen  for  the  larger  doping  levels.  This  happens  even  with 
mid  1017  doping  levels  and  above.  Such  an  effect  has  been  reported  previously 
for  phosphorous.^7)  Furthermore,  it  can  be  seen  from  the  figure  that  the  mixed 
conduction  N=>P  transition  region  diminishes  when  the  doping  level  increases. 
For  the  higher  doping  levels,  the  carrier  concentration  is  independent  of  tem¬ 
perature,  indicating  that  electrically  active  acceptors  are  completly  ionized.  The 
total  amount  of  electrically  active  Li  concentration  in  the  samples  was  determined 
from  the  low  temperature  carrier  concentration  data. 

The  only  layer  (sample  #1)  which  shows  the  freeze-out  behaviour  has  been 
analyzed  numerically^8)  using  the  charge  neutrality  equation: 

n  +  N~  =  p  +  JV+ 

where  n,p,N^+  and  N«“  are  the  concentration  of  electrons,  holes,  ionized  donors 


and  ionized  acceptors,  respectively.  For  the  donors,  complete  ionization  is  as¬ 
sumed  and  the  concentration  of  ionized  acceptors  is  given  by 


*  1  +  4  *  ezp(z«  -  Tj/) 

where  Zg  is  the  reduced  acceptor  level  with  respect  to  valence  band  ;  r)j  is  the 
reduced  Fermi  level. 

From  the  Kane  model(’)  for  nonparabolic  bands,  n  is 


■fOO 

KbT(  3  , 
2ir3  2  P3  J  1  +  ezp(z  +  zg  —  rjf) 


Where  P  is  the  momentum  matrix  element  of  the  Kane  model  and  zg  is  the 
reduced  energy  gap.  For  the  band  gap  Eg,  an  empirical  equation  is  used  from 
Ref.  10.  Since  the  equilibrium  concentration  of  light  hole  is  negligible,  p  is  the 
heavy-hole  concentration.  Parabolic  band  with  Fermi-Dirac  statistics  is  assumed 
for  the  heavy  holes.  Since  the  mixed  conduction  dominates  at  high  temperature, 
the  concentration  is  deduced  from  the  following  equation: 


C.C. 


( P  +  nb)3 

( P  ~  nb3) 


where  b  is  the  ratio  of  electron- to- hole  mobility  and  is  given  by 


b  = 


Ms 

Mh 


T  X 


m'e 


where  mj=3 \pf-,  =  .63  x  mi11^  and  P=8  x  10  *  ev  cm("' 

When  calculating,  Na,N^,r  and  E«  were  adjusted  to  give  the  best  fit  for  the 
experimental  carrier  concentration  data.  The  solid  line  in  Fig.l  is  the  best  fit.  It 
was  obtained  with  N«  =  1.89x  101#  cm"3,  Nj  =  1.05x  101*  cm_s,r  =  .24,  E.=8.3meV 
and  Cd  composition=25.8% 


t  m>K  .  «  -  t  | 


Figure  2  shows  mobility  vs  doping  concentration  at  40K.  It  can  be  seen  that 
the  hole  mobility  in  the  Li  doped  samples  at  40K  does  not  vary  drastically  wkh 
the  hole  concentration.  Doping  levels  as  high  as  SxlO^cm-1  were  achieved.  At 
low  doping  levels,  experimental  results  indicate  a  large  degree  of  compensation 
in  the  layers,  since  along  the  (100)  growth  orientation,  only  n-type  MBE  grown 
MCT(IOO)  layers  are  currently  achieved  by  stochiometry  adjustment,  (see  Table 
1).  This  large  degree  of  compensation  accounts  for  the  limitation  of  the  hole 
mobility  at  low  doping  levels. 

Fig.  3  shows  the  concentration  of  Li  atoms  in  the  MCT  layers  calculated  from 
the  incident  flux  and  from  growth  rate  (assuming  unity  sticking  coefficient)  vs 
1000/T(K),  where  T  is  the  Li  cell  temperature.  The  carrier  concentration  Na-N^ 
(extracted  from  Hall  measurements)  and  the  SIMS  Li  counts  are  also  plotted  in 
Fig.  3.  By  comparing  the  concentration  of  electrically  active  Li  atoms  in  the 
layers  from  Hall  measurements  and  the  concentration  of  Li  atoms  incorporated 
into  layers  calculated  from  the  incident  flux,  it  can  be  seen  that  there  is  good 
agreement  within  the  experimental  error.  At  this  range  of  doping  levels,  N„-Nj 
extracted  from  Hall  measurements  is  approximately  equal  to  the  acceptor  con¬ 
centration  Na,  since  residual  donor  concentration  is  of  the  order  of  101#cm_I. 
Therefore,  this  agrement  is  an  indication  that  almost  100%  of  the  Li  is  electri¬ 
cally  efficient,  and  also  that  the  incorporation  of  Li  in  MBE  grown  MCT  layers 
is  close  to  one.  As  can  be  seen  from  Fig.  3,  the  SIMS  data  falls  on  a  straight 
line,  indicating  that  the  number  of  Li  atom  incorporated  into  the  samples  de¬ 
creases  exponentially  with  the  reciprocal  of  the  Li  cell  temperature.  Sample  #1, 
which  has  the  lowest  Li  cell  temperature,  exhibits  a  large  discrepancy  between 
Li  concentration  as  calculated  from  the  incident  flux  and  as  measured  from  Hall 
measurements.  This  discrepancy  is  due  to  the  compensation  in  the  layers  because 
the  level  of  electrically  active  impurities(Li)  is  not  much  larger  than  the  intrinsic 
donors. 
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In  order  to  investigate  the  diffusivity  of  Li,  a  sample  consisting  of  a  non- 
doped  MCT  layer(0.93/im  thick)  on  top  of  a  Li  doped  MCT  layer(0.93/im  thick) 
has  been  grown.  From  the  SIMS  profile  of  this  sample,  Li  can  be  seen  in  the 
undoped  layer  in  amounts  comparable  to  that  in  the  intentionally  doped  one. 
This  indicates  that  Li  is  highly  mobile  in  MCT  layers  grown  by  MBE.  At  this 
point,  we  have  no  evidence  from  SIMS  data  that  Li  is  diffusing  in  CdTe  buffer 
layer  and  substrate. 

In  conclusion,  we  have  demonstrated  that  Li  behaves  as  a  p-type  dopant  in 
MBE  grown  Hgi_«Cd,Te(100).  This  represents  the  first  successful  attempt  to 
incorporate  electrically  active  acceptors  during  MBE  growth.  These  Li  doped 
MCT  layers  have  been  estimated  to  have  very  shallow  acceptor  levels  for  sample 
#1,  which  showed  the  freese-out.  The  calculated  activation  energy  was  8.3mev. 
Using  Li  as  a  p-type  dopant,  carrier  concentrations  up  to  8xlOIS  cm'1  have  been 
achieved.  At  low  doping  levels,  layers  show  compensation  due  to  the  residual 
donors  from  stoichiometry  deviation.  The  doping  level  in  the  samples  can  be 
controlled  by  varying  the  Li  cell  temperature.  An  incorporation  coefficient  of 
one  and  almost  100%  electrical  efficiency  for  Li  in  MBE  grown  MCT  layers  were 
observed.  However,  the  SIMS  profile  indicates  that  Li  is  highly  mobile  in  MCT 
layers.  This  represents  a  limitation  in  the  use  of  this  element,  especially  for 
abrupt  hetoro junctions. 
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Table  I.  Electrical  measurements  of  lithium  doped  MCT  at  40K. 
Sample  #  6  and  #  7  represents  n-type  MBE  grown  MCT(IOO). 


Sample 

# 

Thickness 

fsm 

Cd  compo¬ 
sition 

% 

Na-Nd 

cm'5 

x  JO1* 

Mobility 
cm? /v.s 
at  4  OK 

L%  cell 

Temp. 

°C 

1 

1.68 

25 

+0.84 

370 

205 

2 

1.38 

17 

+52.00 

360 

219 

3 

2.16 

20 

+  200.00 

330 

245 

4 

2.18 

23 

+  800.00 

330 

282 

5 

1.92 

21 

+440.00 

340 

270 

6 

1.00 

20 

-1.00 

3.0x10* 

7 

6.20 

19 

-1.00 

2.4x10* 

*■ 
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Figure  Captions 

Fig.l:  Hole  concentration  as  a  function  of  1000/T(K)  for  lithium  doped  MCT 
layers  grown  by  MBE.  The  solid  line  for  sample  #1  is  the  best  fit  obtained  for  the 
following  parameters:  Na  =  1.89xl018,N^=  1.05x1018,t  =  .24  and  Ea=8.3meV. 

Fig. 2:  Experimental  hole  mobility  at  40K  as  a  function  of  the  hole  concentration 
for  lithium  doped  MCT  layers. 

Fig. 3  :  Li  counts  ( )obtained  by  SIMS  in  the  layers,  N,-Nj(cm  J)  from  Hall 
measurements  (  G  )  and  Li  concentration(cm~3)  calculated  from  the  incident  flux 
(  A  )  v»  reciprocal  of  the  Li  cell  temperature. 


